ABSTRACT Aim: Metabolic syndrome represents a cluster of risk factors for cardiovascular disease, and we investigated whether otherwise healthy 6-year-olds showed metabolic alterations.
INTRODUCTION
In 1988, Reaven introduced the concept of Syndrome X, which was later renamed metabolic syndrome (1) . He noticed that hyperinsulinaemia occurred simultaneously with several cardiovascular risk factors and that this clustering resulted in markedly higher morbidity. Bj€ orntorp et al. (2) found this entity was associated with visceral fat. The early stages of metabolic syndrome are characterised by central obesity, insulin resistance, low glucose tolerance, high blood pressure and dyslipidaemia (3) . In adults, the syndrome is clearly defined and widely applied (3), but it has been debated whether it exists in young children.
The proportion of children with overweight and obesity has increased worldwide (4) , and some older children have been shown to develop diabetes type 2 and cardiovascular disease (5) . This highlights the importance of identifying signs of metabolic syndrome at an early stage. More than a decade ago, the International Diabetic Federation reached a consensus definition and, when this was published in 2007, it stated that children from the age of 10 years fulfilled the criteria of metabolic syndrome if they had three or more risk factors, such as a high waist circumference, dyslipidaemia, insulin resistance and high blood pressure (6) . However, the consensus document also stated that children aged under 10 years of age should not be 
Key notes
One key measure used in this Swedish study of 212 otherwise healthy term-born children found that 26% had at least one metabolic risk factor requiring action at a mean age of 6.6 years.
Insulin resistance was present in 28% of those with overweight or obesity and 5% of the normal weight children. Waist circumference was shown to be a stronger marker for metabolic alterations than body mass index. diagnosed with metabolic syndrome (6) . One explanation for this was that there were no reference values for the components of metabolic syndrome during early childhood.
The Identification and Prevention of Dietary and Lifestyleinduced Health Effects In Children and Infants (IDEFICS) study, which was carried out from 2006 to 2012, put forward a proposal concerning the definition and reference values for the components of metabolic syndrome in children aged 2-11 years (7) (8) (9) (10) (11) . This definition was based on cut-offs from age and gender-specific anthropometric and metabolic values. It recommended a monitoring level at, or above, the 90th percentile and an action level at, or above, the 95th percentile. Applying this definition produced a higher prevalence (3.4%) of metabolic syndrome in preschool children than the previous definitions (12) .
The aim of this study was to identify whether there were signs of metabolic syndrome in 6-year-olds from a population-based birth cohort. Our hypothesis was that metabolic alterations were more likely to be present in children with overweight or obesity at 6 years of age when they were compared to normal weight children.
METHODS

Subjects
This study was part of a larger ongoing population-based Swedish longitudinal birth cohort, the Halland Health and Growth study (13) , which included children born and recruited at Hallands Hospital Halmstad. These children were followed in more detail than normal and the measures that were adopted included anthropometry and blood sampling. The procedure started during the mothers' visits to the maternal healthcare units during the last trimester of their pregnancies, when they received written information about the study. When they registered at the maternity ward, they were asked for their informed consent for them and their babies to be included in the study. From April 2008 to June 2009 and from June 2010 to August 2011, 506 of the 2450 full-term infants born at the hospital were recruited to the study. The exclusion criteria that were used were severe maternal illness, home births, prematurity, Down syndrome and difficulties communicating in Swedish. In addition, 26 preterm babies were excluded from the study. The 480 healthy infants (50.0% boys) included in the sample were all born full term, and they had a mean gestational age of 39 + 5 AE 1.1 weeks (range 37-42 weeks). Of these children, 27 (5.3%) were born small for gestational age and 13 (2.7%) were born large for gestational age. There were statistically significant differences between the 480 babies in the cohort and the 1970 who did not take part, in terms of their mean and standard deviation birthweight (3604 AE 537 versus 3529 AE 542 grams, p < 0.01), birth length (50.9 AE 2.1 versus 50.5 AE 2.2 cm, p < 0.001) and gestational age (280 AE 9 versus 279 AE 9 days, p < 0.05).
Study design
The cross-sectional sample was studied with regard to metabolic variables the year before they started school, when they were a mean age of 6.6 years (range 6.5-6.9). Of the 480 infants included at birth, 232 were examined at 6.6 years of age and 20 were excluded due to missing or unsuccessful blood sampling. In total, 212 children participated in the study: 135 were born vaginally and 48 were born by Caesarean section. Demographic data for the study participants and dropouts are included in Table S1 , and these show that the mother's age at delivery (p = 0.03) was the only statistical difference.
The children were weighed in their underwear on electronic step scales, and their height was measured with a stadiometer. All the children were measured by the same two research nurses at one site. Body mass index (BMI) was calculated as kg/m², and waist circumference was measured midway between the iliac crest and lowest rib after gentle expiration.
At the visit, blood pressure was measured by a Welch Allyn Spot Vital Signs digital monitor (Welch Allyn, New York, USA) on the upper right arm after a minimum of 10 minutes seated. Cuffs were chosen according to child's arm size: child (9) or small adult (10) . Then, fasting serum samples were collected.
Parents were given a questionnaire about heredity to complete at the visit. The questions concerned whether the parents or someone in their immediate family had diabetes, were overweight or obese or had cardiovascular disease.
The cohort was subdivided into three groups based on the BMI cut-offs at 6.6 years of age, according to Cole et al. (14) . This showed that six children had obesity, 31 had overweight and 175 were normal weight (Fig. S1 ). Age and gender-specific cut-offs for waist circumference at the IDEFICS action level (at or above the 95th percentile) and the monitor level (at or above the 90th percentile) were ≥59.0 cm and ≥58.0 cm, respectively, for girls and ≥60.0 cm and ≥58.5 cm, respectively, for boys. Signs of metabolic syndrome, namely insulin resistance, blood lipids and blood pressure, were chosen in the same way, based on IDEFICS publications (8) (9) (10) (11) . The IDEFICS definition for action levels for metabolic syndrome (7) was used.
We obtained fasting serum samples for 212 children, but fasting blood glucose measurements were only successfully obtained for 193 children and fasting insulin for 199 children. Therefore, the homeostatic model assessment for insulin resistance (HOMA-IR) was only calculated for the 181 children who had both fasting insulin and blood glucose measurements, using the formula (fasting insulin x fasting blood glucose)/22.5. Two children without blood glucose measurements had high fasting serum insulin, and one of these was obese. As insulin and HOMA-IR are closely correlated, these two children were considered to have high HOMA-IR when we calculated the risk factor clustering. Five children with overweight and 24 children with normal weight had missing values for HOMA-IR.
Laboratory methods
All blood samples were immediately centrifuged, and sera were frozen at À80°C within one hour until the analyses could be performed by the hospital's laboratory. Total cholesterol, triglycerides, high-density lipoprotein (HDL) cholesterol and low-density lipoprotein (LDL) cholesterol were measured by an enzymatic colorimetric assay on a Cobas 6000 analyser (Roche Diagnostics GmbH, Mannheim, Germany). The intra-assay coefficient of variations (CV) was 1.9%, 1.8%, 1.0% and 0.7% for total cholesterol, triglycerides, HDL cholesterol and LDL cholesterol, respectively. Glucose was measured by an enzymatic method with hexokinase, and insulin was measured by an electrochemiluminescence immunoassay, both on the Cobas 6000 analyser. The intra-assay CV was 2.2% for glucose and 2.0% for insulin.
Statistics
Normally distributed measurements are presented as means and standard deviations (SD), while non-normal distributions are presented as medians and interquartile ranges of 25-75. The Student's t-test, ANOVA, chi-square test or Fisher's exact test was used for comparisons between the groups, as appropriate. Pearson's product-moment correlation coefficient was used for correlation analyses. All tests were twotailed, and p values of <0.05 were considered statistically significant. The data analyses were performed using SPSS Statistics, version 22 (IBM Corp, New York, USA).
Ethics
The study was approved by the Regional Ethical Review Board in Lund (number 44/2008). Written, informed consent was obtained from all the participating parents, and oral assent was obtained from the 232 children still in the study at 6.6 years of age.
RESULTS
Relationship between waist circumference and BMI
Waist circumference values increased with the severity of BMI (Table 1) . In this cohort, 29 (14%) of the 212 children had a high waist circumference, including 20 who were overweight and five who were obese. Of the 183 children with a normal waist circumference, 14 had overweight and one had obesity.
Insulin resistance
A HOMA-IR value of ≥1.93, which was above the 95th percentile, was considered to indicate insulin resistance (6) and was calculated in 183 children, including the two children mentioned above who were estimated to have a high HOMA-IR. Insulin resistance was present in three of the six children with obesity and six of 26 children who had overweight. This represented 28% of the children with overweight or obesity, compared to eight (5%) of the 151 normal weight children (p < 0.001) ( Table 2) . No genderrelated differences were found for insulin resistance. There was a positive correlation between HOMA-IR and BMI and between HOMA-IR and waist circumference (Fig. S2) .
Using a multiple regression model that included waist circumference and BMI, and employing stepwise selection, we were able to show that waist circumference (beta = 0.06, p < 0.001) and BMI (beta = 0.15, p < 0.001) could explain 25% and 23%, respectively, of the HOMA-IR variance when adjusted for gender, birthweight, maternal BMI and education. When both waist circumference and BMI were included in the same model, only waist circumference remained significant.
Lipid alterations
As shown in Table 1 , the higher BMI groups had higher concentrations of both triglycerides and LDL cholesterol at 6.6 years of age. There were five children (four girls) with triglycerides at or above the 95th percentile for age and gender (Table 2) . Of these, one had normal weight and the other four had overweight or obesity.
There were significant differences between mean HDL cholesterol levels in children with obesity compared to levels in children with overweight or normal weight (p < 0.05) ( Table 1 ). However, none of children had HDL cholesterol below the 5th percentile. We found that eight children had LDL cholesterol above the 95th percentile, but gender-specific references found no gender differences between the 110 boys and 102 girls. Only two of these children had overweight or obesity but four had a high waist circumference. Children with high waist circumferences had significantly higher LDL cholesterol concentrations (2.9 AE 0.7 versus 2.4 AE 0.6 mmol/L, p < 0.001).
Triglycerides correlated negatively with HDL cholesterol (r = À0.36, p < 0.001) and positively with insulin and HOMA-IR (r = 0.38, r = 0.42, both p < 0.001). Triglycerides and LDL cholesterol correlated positively with BMI and waist circumference, while HDL cholesterol correlated negatively with both BMI and waist circumference (p < 0.05).
Blood pressure
There were no significant differences in blood pressure across the BMI groups. There were seven children with a systolic blood pressure of ≥120 mmHg or diastolic blood pressure of ≥80 mmHg, and four of these had overweight or obesity (p < 0.001).
When the 29 children with a high waist circumference were compared with the 183 with normal waist circumferences, they had higher systolic blood pressure (105 AE 9.4 versus 100 AE 7.5 mmHg, p = 0.004) and diastolic blood pressure (66 AE 5.6 versus 64 AE 6.5 mmHg, p = 0.04). Figure 1A shows metabolic risk factor clustering at the IDEFICS action level (above the 95th percentile), and Figure 1B shows clustering at the monitor level (above the 90th percentile). In total, 55 (26%) of the 212 children had one or more of the risk factors for metabolic syndrome at the action level and one girl had four risk factors (Fig. 1A) . Of the 15 children with two or more risk factors for metabolic syndrome at the action level, all except one had overweight or obesity and all had a high waist circumference (Fig. 1A ). Correlations were found between metabolic clustering and BMI (r = 0.53, p < 0.001) and between metabolic clustering and waist circumference (r = 0.62, p < 0.001). Table 2 shows the risk factor distribution across the weight groups.
Metabolic risk factor clustering
Other criteria When we used the IDEFICS monitor level instead of the action level, nine children (4%) had three or more risk factors for metabolic syndrome (Fig. 1B) . We had HOMA-IR data on 30 of the 37 children with overweight or obesity. At the IDEFICS monitor level, almost half of these -14 out of 30 -had insulin resistance. Moreover, using the monitor level, one boy had low HDL cholesterol, 17 children had high triglycerides and 45 had high blood pressure.
The International Diabetic Federation criteria (6) state that children under 10 should not be diagnosed with metabolic syndrome, because, when its consensus document was published in 2007, there were no good reference values for the components of metabolic syndrome during early childhood. However, 14 children had a high waist circumference, which is a risk factor according to the Federation's criteria (15) , and these included seven children who had overweight and five who had obesity. Only one girl had high triglycerides and one boy had low HDL cholesterol, but neither of these had a high waist circumference according to the International Diabetic Federation criteria.
DISCUSSION
The major findings of this study were the high rate of insulin resistance in children who had overweight or obesity and the fact that the IDEFICS criteria, based on study data from 2006 to 2012, showed that 26% of the study cohort of 212 children had at least one risk factor for metabolic syndrome requiring action at a mean age of 6.6 years. Of the 55 children with risk factors, 15 had two or more risk factors and one girl had four. In contrast, 14 had a high waist circumference, which is the only risk criterion specified by The chi-square test was used to compare normal weight to overweight and obesity and to compare normal waist circumference to above-normal waist circumference. *p < 0.05 was considered significant. **p < 0.01. ***p < 0.001.
the International Diabetic Federation criteria, published in 2007.
It is not common knowledge that metabolic status as well as body composition is influenced in children at this early age. Insulin resistance is a known early risk factor for later health problems. In the early stages, it is reversible, but left untreated; it can lead to irreversible damage (16) . While only three children in the present study had abnormal fasting glucose, one-third of the sample had hyperinsulinaemia, which is the first sign of insulin resistance. When we used the IDEFICS action level to define metabolic syndrome, we found insulin resistance in 28% of 6-yearolds who were overweight or obese. This has also been reported by studies that evaluated prepubertal children (12, 17, 18 ).
The present study shows that metabolic status can be impaired long before the age of 10, probably with longlasting effects. The International Diabetic Federation recommends that only waist circumference should be used as a measure of risk in children under 10 years of age (6) . Consistent with this, and with the IDEFICS definition, all the children in our cohort with two or more metabolic risk factors had a high waist circumference.
This study showed that high waist circumference was associated with high triglycerides and LDL cholesterol, even at 6 years of age. Atherosclerosis is a complex disease, and its aetiology starts early in life as disturbed lipid accumulation in the vascular intima (19) . If this process continues, the intima-media thickness increases, eventually leading to hypertonia. This process is reversible in the early stages. Even though high LDL cholesterol is a risk factor for developing coronary heart disease during childhood (19) , high LDL cholesterol is not considered to be a risk factor, according to paediatric definitions of metabolic syndrome, in contrast to high triglycerides and low HDL cholesterol (6, 7) . Therefore, it is important to point out that, in the present study, LDL cholesterol was associated with both waist circumference and BMI. The correlation between dyslipidaemia, hyperinsulinaemia and waist circumference has already been established in adults (20) , and it is probably caused by increased insulin resistance and larger visceral fat depots. The correlation between waist circumference and visceral fat found in adults has also been shown in young children (21) .
The present study found signs of higher blood pressure in children who were overweight or obese, particularly with coexisting high waist circumferences. Seven children had a systolic blood pressure of ≥120 mmHg or a diastolic blood pressure of ≥80 mmHg, which are the recommended reference values for prediabetic adults, as they have been proven to be a severe risk factor for cardiovascular disease. The reported findings were consistent with a study of older children aged 7-12 years who were diagnosed with metabolic syndrome, which found that as many as 30% had hypertension, compared to none in the control group who had not been diagnosed (22) . The study also showed a high prevalence of subclinical vascular abnormalities in the children with metabolic syndrome.
Our study found signs of metabolic syndrome in a population of children with a mean age of 6.6 years, but the specific age at which the different metabolic variables can reach a harmful level is still unknown. Most children with disturbances in their metabolic profile at this young age only had one risk factor and normal weight. Only one child who had overweight and had a high waist circumference fulfilled all the criteria for a diagnosis of metabolic syndrome at the IDEFICS action level, but 17% of the children who were overweight or obese fulfilled the criteria at the IDEFICS monitor level (7) . These findings were consistent with a Spanish crosssectional study that showed a metabolic syndrome rate of 8-32% in prepubertal children aged 5-4 years, depending on the definition used (23) . Age and gender-related reference cut-offs should be used for all variables, thereby making it possible to diagnose children younger than 10 years of age. A cross-sectional study of children aged 1-5 years demonstrated a higher rate of insulin resistance among children with a high waist circumference than among those with high BMI (24) . In the present study, only one of the children with both insulin resistance and a high waist circumference had normal weight. Moreover, an adjusted model showed that waist circumference was more strongly correlated to HOMA-IR than BMI was. Shashaj et al. (18) showed that metabolic abnormalities related to obesity were present early in the process of weight gain, but they only studied children who had become overweight within the last 12 months. The present study also indicates that metabolic impairment was related to overweight, because all the children with two or more risk factors had high waist circumferences and only one had a normal weight. This study, with a normal paediatric population, also indicated that the impairment started even before they achieved overweight, as seven of the 16 children with insulin resistance had either a high waist circumference or high BMI. Moreover, three children with a normal BMI had three or more risk factors according to the IDEFICS monitor level.
The Bogalusa Heart Study showed how early risk factors are sustained through childhood up to adulthood and that adiposity had an important impact on metabolic cluster development (25) . The study also investigated the absence of metabolic clustering and how clustering of favourably low levels of metabolic risk factors in children was associated with a lower risk of cardiovascular disease in adults (26) .
The main strength of this study was the population-based design and the fact that we only included children born at full term. The major limitation was the small cohort, in which only 3% of the children had obesity and 14% had overweight, providing 37 high-risk individuals. Another limitation may have been the lack of metabolic data from infancy in this longitudinal design, which would have established at what age the risk factors appeared. CONCLUSION A significant percentage of the children aged 6.6 years in our study showed an abnormal metabolic profile, increasing their risk of cardiovascular disease. When we used the IDEFICS criteria, this showed that 26% of the 212 children showed at least one risk factor for metabolic syndrome requiring action. We also found insulin resistance, disturbed lipid profiles and high blood pressure, which are all risk factors linked to metabolic syndrome. These risk factors were mostly detected in children with high BMIs or high waist circumferences. Waist circumference provided a stronger marker than BMI for metabolic alterations in this age group.
These findings highlight the importance of focusing on children who become overweight at an early age and the consequences for later health. More studies are needed to confirm our findings, including those focusing on even younger age groups, and to identify at what age and BMI level metabolic syndrome starts to develop.
SUPPORTING INFORMATION
Additional supporting information may be found online in the Supporting Information section at the end of the article. Table S1 Early demographic characteristics of the followup study population. Background data from the larger population-based cohort followed from birth, comparing children who participated at follow-up at 6.6 years of age and those who did not (dropouts).
